We conducted a detailed near surface geophysical survey at a site where an 8 m high road embankment had been partly collapsed caused by a heavy rainfall. The failure broke down a half of the 4 lane road body embanked on the very soft alluvial sediments even though it had been reinforced with geotextile-anchored concrete wall and with a group of ground improvement columns. The collapse spread out debris at most 4 m but heaved the surrounding soft sediments up to 30 m in lateral distance. The field survey purposed to clarify deformation structure and failure process of the road embankment and to evaluate the geophysical properties of the soft sediments damaged by the collapse. Employed methods or tools were GPR, DC resistivity tomography, capacitively coupled resistivity using OhmMapper and hybrid surface wave survey. In addition, detailed DSM (Digital Surface Model) of the road surface was reconstructed from densely taken photo images aided by SfM (Structure from Motion) technique and it clearly highlighted several hair cracks and small bulges generated in association with the collapse. GPR clearly detected the boundary between subgrade and underlying roadbed, and the amplitudes of the reflection were relatively stronger at a specific zone. This indicated de-coupling of the boundary between subgrade and roadbed. Namely, GPR was useful to estimate the extension of hidden deformation associated with the collapse, undetectable by surface visual inspection. Hybrid surface wave survey delineated characteristic S-wave velocity profiles. S-wave velocities of soft sediments were as very low as 50m/s, and decreased to about 30m/s in and around the heaved area. ERT along a cross line at the collapsed part successfully imaged the foot and frontal thrust and was helpful to interpret a possible sliding surface. In conclusion, detailed geophysical survey was quite capable to delineate and interpret the disturbed near surface structure caused by rainfall collapse.
Introduction
A highway road embankment about 8 m high was partly collapsed by a heavy rainfall attack on June 23, 2016. The embankment had been also attacked by a devastating earthquake of JMA magnitude 7.3 on April 16, 2016, 2 months before the partial collapse. Figure 1 shows an orthomosaic and DSM (Digital Surface Model) of the collapsed area. There were two lanes in each direction. The easternmost lane fragmentally collapsed about 40 m in length, and the surface of a paddy, which was contiguous to the collapsed road, was heaved up at most 1 m. Distinct cracks and fissures were still observed on the road surface of the two lanes just behind the crown.
This road had been banked up on a very soft ground which had been improved by a large number of cement-mixing piles beforehand. Eastern flank of the embankment had been reinforced with concrete wall in combination with geotextile anchors. Before collapsing, precursory cracks and undulation indicating eastward deformation were observed on the road surface at the easternmost lane just after the earthquake attack. To restrain the lateral deformation, an emergency measure was carried out in front of the deformation zone by driving 8m-long wooden pile arrays and connecting those using H-beams. Unfortunately, the deformation rapidly developed to cause a slope failure during a heavy rainfall, but the prevention measure was effective to protect entire failure or spread of debris flow.
Finally, three of four lanes could escape from the failure as shown in Fig.1 . However, it was still ambiguous whether the remaining lanes were safe to traffic vehicles without any countermeasures or not. In other words, it was required to make clear the geotechnical conditions of the remaining parts of road embankments. We then conducted detailed geophysical measurements on the road surface at the collapsed zone, and on the dislocated ground in front of the failure zone. We also purposed to delineate the near surface structure across the collapsed slope and the upheaved ground. 
Outline of the survey and data acquisition
We employed various types of geophysical survey methods to delineate near surface structure of the collapsed area. Figure 2 and 3 show the survey lines we placed at the site and Table 1 summarizes survey parameters adopted for each method and for each survey line. GPR, capacitively coupled resistivity and the Hybrid surface wave method were conducted on the road surface (C Line). DC resistivity and Hybrid surface wave method were applied around the collapsed embankment (P, O and T Line). Along with geophysical measurements, we took a large number of photographs in the survey site making use of a 6 m long "extended rod camera". Accordingly, an orthomosaic image (Figure 3 left) was successfully generated by using Agisoft Photoscan. A GIS software (Golden software Surfer 12) was used to reconstruct DSM (Fig.1 right; Fig.2 middle) . These maps clearly imaged detailed surface textures not only large fissures but also hair cracks and smallscaled bulges.
Figure 3 (right) shows dense grid traces of GPR survey conducted on the road surface where cracks and bulges took place. We used a GSSI Utility-Scan DF system with aid of VRS-GNSS positioning system (Trimble NetR9). The system can provide real-time high precision positioning data with accuracy of +/-1cm under RTK-FIX solution condition (Aoike et al., 2015) . Owing to the aid of high precision positioning, we could reconstruct detailed 3D structure in the pavement. GPR-SLICE and RADAN7 software were used to process the dataset acquired using an 800 MHz antenna system. We conducted hybrid surface wave survey along each line. Hybrid surface wave survey method, a newly proposed by the authors , is characterized as the combination measurement of active and passive surface wave survey along a linear shaped geophone array. Each dataset is recorded just before or after recording the other dataset using the same recording system and the same geophone array. We set 120 or 144 geophones along the line at 50 cm or at 1 m intervals. Two dispersion curves, one is for a higher frequency part calculated from CMP-CC gather data derived from SAGEEP 2017
Denver, Colorado USA http://www.eegs.org active survey records (Hayashi and Suzuki, 2004) , and the other is for a lower frequency part calculated from passive data applying CMP-SPAC analytical method (Hayashi, et al., 2015) , are combined to form a single dispersion curve for a specific CMP on a survey line. To reconstruct 2D S-wave velocity structures along a line, we used SeisImager, comprehensive software for seismic data processing provided by Geometrics. Resistivity surveys were carried out on the ground by high-speed resistivity measurement tool using a code division multiple access (CDMA) technique (Imamura, et al., 2013) and on the road surface by Geometrics OhmMapper system. The features of high-speed resistivity measurement tool are that it can transmit individual current signals simultaneously at 24 current electrodes, and measure potential response at 24 potential electrodes simultaneously too. Because the tool records full waveforms of current and potential signals, we can separate a total of 576 V/I responses only in 30 seconds. The tool has been successfully applied process into a vadose zone Kisanuki, et al., 2016) . We planted current and potential electrodes alternately at 50 cm intervals along the line. The obtained data were processed using EarthImager provided by AGI or Geometrics OhmImager. 
Results and Discussion

Result of GPR on the highway
Dense GPR survey was performed on a remained part of road surface at the site. In many cases, GPR profiles clearly imaged the boundary between base course and subgrade as high amplitude events. According to pavement plan, thickness of HMA was 15 cm and base course was 23cm. Then the boundary between base course and subgrade should be 38 cm in depth. As shown in Fig.4 right, the boundary showed different amplitudes and appeared at different depths for each location. It indicated that the boundary between base course and subgrade might be decoupled influenced by the slope failure. Indeed, the event dipped eastward (toward failure scarp) or kinked near the failure crown as typically recognized at marked by red broken circles. Fig.4 left is a map of RMS amplitudes between 5.62 to 11.46 ns in time, or about 32 to 57 cm in depth, in which mainly appeared the events correlated with the Results of resistivity survey and surface wave survey Figure 5 shows resistivity and S-wave velocity structures along C, O and P line. The sections along O and P lines, both set on the ground, showed extremely low resistivity about 2 Ohm-m and low S-wave velocities below 50m/s. This is a characteristic feature of marine soft sediments. In contrast, resistivity section along C line showed almost homogeneous structure. A 2 m thick, relatively high resistivity layer was reconstructed at the uppermost part of the embankment. A high S-wave velocity artifact was delineated just where box culvert was underlain. Note that surficial part of the embankment showed relatively high S-wave velocity except for a zone from 50 m to 70 m in line distance. Whereas we didn't have the original S-wave velocity condition before the collapse, existence of this low velocity zone strongly suggested it was caused by the slope failure. Figure 6 shows a resistivity structure along T line, just set across the collapsed slope (Fig.2) . Embankment body was easily identified as relatively high resistivity zone, oppositely sediments showed relatively low resistivity. A sliding surface was interpreted based on resistivity structure and by tracing surface displacement of 5 reference points. It had been known that the near surfaces of the ground were composed of thin cultivated layer, 1 m thick non-marine, shell fragment containing clay layer, and underlying very soft marine clay sediments called "Ariake Clay". The resistivity section of the ground part (28 to 44.5 m in line distance) delineated layered structure along with the existence of low angle frontal thrusts. Shape of the interpreted sliding line strongly suggested that the road embankment body was detached from the cement-mixing piles. This is still ambiguous but the resistivity section also suggested that the top parts of the pile were broken in association with the slope failure.
Conclusions
We conducted detailed geophysical survey at a site where highway embankments were partly collapsed by a heavy rainfall. Combined analysis of dense GPR and photogrammetric survey results were quite helpful to clarify deformation structure in the pavement of the remaining part of the embankment. RMS amplitude mapping of a specific time zone or depths corresponding to the boundary between subgrade and roadbed was effective to interpret extension of detachment structure behind the failure scarp. Weak part in the embankment surface was also identified as relatively low S-wave velocity zone reconstructed as a Hybrid surface wave survey section. An ERT section across the collapsed part successfully imaged the foot and frontal thrust within and in front of a sliding mass. It was also helpful to interpret a possible sliding surface. In conclusion, integrated dense geophysical survey in combination with photogrammetric analysis was quite effective to clarify near surface structure of a damaged road body but also deformation structure and process of slope failure.
